ABSTRACT Papain solubilized H-2a histocompatibility antigens (H-2Kk plus H-2Dd) have been purified by a large-scale procedure that can routinely provide 2-3 mg ofheavy chain from 1 kg of mouse liver. The heavy chains were homogeneous by sodium dodecyl sulfate electrophoresis. Disc gel electrophoresis resolved two protein bangs that were identified as H-2Dd and H-2Kk by immune complex formation and autoradiography. Comparative amino acid composition and NHr terminal sequence analyses of unfractionated H-2a, H-2Kk, and HLA suggested close structural relationships. However, the following observations suggest that papain cleaves these membrane bound antigens at different positions with respect to the COOH terminus: the molecular weight of the peptide portion of papain solubilized HLA is smaller than that of H-2 (30,000 versus 33,700); the COOH-terminal sequences are different; and, finally, papain-solubilized H-2 contains a free cysteine residue in addition to the two disulfide bridges that are present in both H-2 and HLA. The major histocompatibility complex of mammals is a genetic region that controls several biological phenomena such as graft rejection, immune cell interaction, and virus recognition, all of which seem to be interrelated with the immune system (1, 2). In the mouse it is well documented that there are two loci, H-2K and H-2D. These loci code for cell surface antigens which represent the classical transplantation antigens (1, 2). The H-2K and H-2D gene products are hydrophobic glycoproteins with molecular weights of approximately 45,000 and can be isolated by indirect immunoprecipitation after detergent solubilization of plasma membranes (3). The antigens are known to consist of two subunits, a heavy chain that bears the allo-antigenic specificities and a smaller polypeptide chain with a molecular weight of 12,000 that has been identified as 02-microglobulin (4) (5) (6) (7) (8) . The antigens can also be isolated as antigenically active glycoprotein fragments by means of limited proteolytic digestion of the plasma membranes (9-12). Fragments obtained through this procedure consist of a heavy chain of decreased molecular size (37,000) and 132-microglobulin.
weight of 12,000 that has been identified as 02-microglobulin (4) (5) (6) (7) (8) . The antigens can also be isolated as antigenically active glycoprotein fragments by means of limited proteolytic digestion of the plasma membranes (9) (10) (11) (12) . Fragments obtained through this procedure consist of a heavy chain of decreased molecular size (37,000) and 132-microglobulin.
To date, most studies of the primary structure of H-2 antigen have used radioactively labeled material isolated by indirect immunoprecipitation after detergent solubilization (13) (14) (15) (16) . However, this procedure provides only small amounts of purified material and therefore limits the information that can be obtained by automatic sequencing techniques. Several investigators have reported isolation procedures for papain-solubilized antigens (7, 12, 17, 18) , but only small amounts of purified antigens have been obtained in low yield. For 125I Labeling. H-2 and fB2-microglobulin were radiolabeled by the chloramine-T method (20) .
Electrophoresis and Gel Elution. Electrophoresis in polyacrylamide gels in the presence of sodium dodecyl sulfate (NaDodSO4) was carried out at pH 9.1 in 0.2 M Tris-glycine 0.2% NaDodSO4 (21) . Disc gel electrophoresis in the presence of 6 M urea was done according to the method of Davis (22, 23 Fig. 1 ).
Amino Acid Analysis. Samples were hydrolyzed for 24 or 48 hr in 6 M Hcl at 1100 in vacuo. The presence of hexosamines was determined after hydrolysis in 4 M HCl for 4 hr at 1000. Analyses were performed on a Durrum D500 analyzer.
NHrTerminal Sequence. Automated Edman degradations were performed with an updated Beckman 890B sequencer using program 060275 (0.1 M Quadrol). Protein was dissolved in 0.5% NaDodSO4 and, in one case, was treated with sulfophenylisothiocyanate (S-PITC) (24, 25) before application to the cup. The phenylthiohydantoin amino acids were identified by high-performance liquid chromatography, mass spectrometry, and amino acid analysis after hydrolysis with HI.
Proteins were also treated with dansyl chloride according to Gray (26) in the presence of 2% NaDodSO4.
RESULTS
The starting material for the studies described in this report was H-2a antigens prepared after papain solubilization of liver membranes. A summary of the large-scale H-2 purification is shown in Fig. 1 . During the six fractionation steps, a 1400-fold purification was obtained. At the same time, the recovery of H-2 antigenic activity gradually declined and reached a final yieldof10% of the starting activity. This value represents approximately 10 mg of material that is about 75% pure, as determined by immunochemical methods. Electrophoresis in urea gels showed that this material was slightly contaminated. Therefore, an additional purification step consisting of gel filtration after complete reduction and carboxymethylation ( Fig.  2A) was performed. This procedure separated the heavy chains of H-2 from the small amounts of impurities and from #2-microglobulin. The #2-microglobulin was identified in the effluent after addition of a trace amount of 125I-labeled fl2-mi-E 2, with 6 M urea/0.1 M formic acid. Fractions (0.9 ml) were collected, and the radioactivity was measured in 10-id aliquots. The identity of 02-microglobulin was established as described in the text. The indicated fractions were pooled and used for structural studies after extensive dialysis against 5% acetic acid followed by lyophilization. (B) Dissociation of 125I-labeled H-2Kk. The immune complex 1251-labeled H-2Kk-anti-H-2Kk was prepared as described in the text.
After reduction and carboxymethylation, 500,000 cpm of the material was charged on the column and eluted as described for A. The radioactivity was measured in 50-,ul aliquots, and the appropriate fractions were pooled, dialyzed against acetic acid, and lyophilized.
(C) Dissociation of 1251-labeled H-2Dd. The procedure was the same as that described for H-2Kk, but the alloantiserum used was directed against H-2Dd.
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Its identity was also confirmed by NH2-terminal amino acid determination (isoleucine) and amino acid composition, both of which agreed with published data (27, 28) .
The isolated heavy chains of H-2 (2-3 mg) were reexamined by polyacrylamide gel electrophoresis. The gel in Fig. 3 left was developed in the presence of NaDodSO4 and the one in Fig. 3 right in the presence of 6 M urea in a discontinuous buffer system. On NaDodSO4 electrophoresis, the isolated H-2 heavy chains were homogeneous, but urea disc gel electrophoresis clearly indicated the presence of two proteins of slightly different charges. In order to determine whether these bands represented H-2Dd and H-2Kk molecules, immune complexes of the native, partially purified, antigens with their respective alloantisera were made. Two samples of '15I-labeled H-2a seen between l25I-H-2a and normal mouse serum. The heavy chains of H-2Kk and H-2Dd were separated from #2-microglobulin ( Fig. 2 B and C) by gel filtration after full reduction and alkylation, and the appropriate fractions were pooled, dialyzed against acetic acid, and lyophilized. The isolated heavy chains of l25I-H-2Dd and 125I-H-2Kk complexes were examined by disc gel electrophoresis in the presence of 6 M urea followed by autoradiography. As shown in Fig. 4 , H-2Kk corresponds to the upper band and H-2Dd to the lower band of unresolved H-2a (Fig. 3 ). In addition, the H-2Kk sample contained a small amount of material with a higher mobility than that of H-2Dd. At the moment it is not clear whether this material represents a separate H-2Kk protein or is a degradation product.
The separation of H-2Dd and H-2Kk allowed comparative amino acid analyses. H-2Kk and H-2Dd were eluted from a gel after disc gel electrophoresis. Due to the unequal distribution of H-2K and H-2D (see Discussion), H-2Dd could not be isolated in amounts sufficient for accurate analysis. However, comparison of the amino acid composition of the isolated H-2Kk (Table 1) to that of H-2a (the original mixture of H-2Kk and H-2Dd) shows that they are similar. It therefore seems likely that the amino acid composition of H-2Dd is similar to that of H-2Kk. For comparison, the composition of the human histocompatibility antigen HLA-B7, 14 (29) Hydrolysis of apomyoglobin, extracted from gels in an identical manner, yielded aberrant values for threonine, serine, and glycine. These residues were therefore omitted in the calculation of the data for H-2Kk.
striking differences between this composition and that of H-2 are apparent.
The primary structure of H-2a was further studied by amino acid sequence analysis. Glycine was found to be the NH2-terminal amino acid by dansylation (26) . This assignment was confirmed by a trial automated degradation in which residues 1 through 5 were identified (Fig. 5) . A second degradation was performed after reaction with S-PITC (24, 25) : the identity of residues 2 through 5 was confirmed and the sequence was extended through residue 12. The finding of glycine and serine at positions 1 and 2, respectively, differs from results reported by others for H-2Kk and H-2Dd (13, 14, 16,30)-namely, methionine and proline, respectively, at these positions-but is identical to the results for HLA antigens (31) (32) (33) . Apart from these two differences, the sequences determined by us agree well with those determined by others on radioactively labeled H-2Dd and H-2Kk (13) (14) (15) 30) . The N-acetylglucosamine content of both H-2 and HLA are also similar: 5.2 mol/mol of H-2a compared to 4.0 mol/mol of HLA (34) . The COOH-terminal amino acid residue of h-2a was determined by timedependent digestion of the protein with carboxypeptidase Y (Fig. 6) . Phenylalanine was tentatively assigned the COOHterminal position. Apparently, one residue of valine and more than one residue of tyrosine were present in the polypeptide chain in close proximity to the COOH terminus.
Analysis of the number of carboxymethylcysteine residues found after reaction of the protein with iodoacetic acid under nonreducing and reducing conditions revealed the presence of one free cysteine residue and four half-cystine residues which presumably form two disulfide bridges.
DISCUSSION
The purification of H-2 antigens in sufficient quantities to permit extensive structural studies has been a major obstacle. In other studies (to be described elsewhere) it was found that mouse liver is an excellent source of H-2: approximately 10 mg of 75% pure antigen and 2-3 mg of pure heavy chain can routinely be obtained from 1 kg of liver (1000 mice), which is approximately 20-fold more material than previously has been obtained (12) . Hence, more extended structural characterizations of H-2 are now possible.
The papain-produced fragments of the two heavy chains of H-2a (H-2Kk and H-2Dd) have the same molecular weight, 37,800 (Figs. 2 and 3) , as estimated by NaDodSO4 electrophoresis. This is in good agreement with the calculated value of 37,000 which is the sum of the molecular weights of the polypeptide chain, 33,700 (Table 1 ) and the carbohydrate moiety of H-2, 3300 (36) . Although H-2Kk and H-2Dd are similar in size, the antigens apparently differ slightly in charge (Figs. 3 and 4) . This difference provides a means by which H-2Dd and H-2Kk can be separated. The difference in electrophoretic mobility may be due to differences in either the polypeptide portion or the carbohydrate moiety of the H-2 proteins. The relative amounts of H-2Kk and H-2Dd in the H-2a heavy chain preparation were estimated to be 3:1 by radioCell Biology: Henriksen et 
immunoassay during all steps of their purification and by disc gel electrophoresis of preparations labeled with either 14C (cysteine residues labeled) or 125I (tyrosine residues labeled).
The relatively low amounts of H-2Dd obtained did not permit the determination of its amino acid composition. Nevertheless, the similarity of the amino acid compositions of H-2Kk and of unresolved H-2a (Table 1 ) suggests that the compositions of H-2Dd and H-2Kk cannot be strikingly different from each other. This conclusion is further supported by the amino acid sequence data. The sequence of the first 12 residues of the unresolved H-2Kk and H-2Dd is heterogeneous only at position 9. Carboxymethylation of H-2a without reduction indicated that one of the five cysteine residues was free. The other four form two disulfide bridges, which is the same number of bridges that was earlier determined for HLA antigens (31) . These observations along with the similarities of both the amino acid composition and the partial amino acid sequence of H-2 suggest that there may be little primary structural variability among H-2 and HLA antigens.
In contrast to the similarity of the NH2-terminal regions of the H-2 and HLA polypeptide chains, the COOH-terminal portions of the papain-solubilized proteins seem to be different. Serine was the COOH-terminal residue of HLA, but phenylalanine was that of H-2a. In addition, the amino acid residues proximal to the COOH termini were different in the two proteins (29) . However, it appears that papain cleaves these membrane-bound antigens at different positions because the molecular weight of the peptide portion of papain-solubilized HLA is smaller than that of H-2 (30,000 versus 33,700). It is therefore not surprising to find amino acid differences at these ends of the proteins, or perhaps even to find a free cysteine residue in H-2 that is absent in HLA.
The studies described in this report indicate that the primary structures of H-2 and HLA antigens are similar and, furthermore, that the H-2Kk and H-2D proteins are clearly related. These observations strongly support earlier suppositions that the K and D loci descended from a common ancestral gene (37) and that the major histocompatibility complexes of man and mouse are homologous genetic regions.
